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First order splay faults, as defined here, are secondary faults that form at acute angles symmetrically on
either side of a primary fault of the same sense of shear. We show that these faults form when the
primary fault becomes critically misaligned with the principal stresses such that splay fault formation, on
the optimum plane for faulting, is favored. First order splay faults, in distinction from other splay faults,
are secondary only in the temporal sense – they are subsequent but not subordinate, in a tectonic sense,
to the primary fault. Here we analyze the case of strike-slip faults, and compare it with data for several
continental transform fault systems, where we show that the splay faults form in the most favorable
direction: parallel to the plate motion vector. We also discuss and speculate on several outstanding
problems with regard to first order splay faults: the placement of them in space, means by which
primary faults become misoriented in the stress field, and the mechanics of first order splay fault-
primary fault junctions, once formed.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
The term ‘splay fault’ is common in the literature, but it is
usually used in a casual sense to refer to any secondary fault that
diverges from another at an acute angle. While there are a variety of
secondary faults that might fit that simple description, here we
define first order splay faults in a more restrictive way.
This work is motivated by a systematic study of branching
within the San Andreas fault system (Ando et al., 2009). In that
study we found a dominance of fault junctions of a generalized ‘‘y’’
shape (Fig. 1, inset). If we call the long branch of the ‘‘y’’ the primary
fault and the short branch the splay we found that the angle
between them showed a well-defined distribution as shown in
Fig.1. The distribution is mirror symmetric: the same distribution of
splay angles is found for left (negative angle) and right (positive
angle) splays. Within each type of splay, right or left, the distribu-
tion is strongly skewed with the peak value near the lower limit.
This suggests that the splay formation mechanism has a well-
defined minimum angle but a poorly defined maximum. In both
cases the peak value of the splay angle is about 17 (see Ando et al.
(2009) for a more detailed analysis). Because the San Andreas fault
was continuously active during the formation of the branches
shown in Fig. 1, we note that during the formative stage primaryholz).
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All rights reserved.and splay faults were concurrently active. For the San Andreas
system, the numbers of right and left splays are approximately
equal. These splay faults, such as the San Jacinto, Calaveras, and
Hayward faults, though secondary, in the sense that they formed
after the formation of the San Andreas fault, are of first order; they
are of the same order of magnitude as the San Andreas in terms of
their length, slip rate, or net slip.
These well-defined properties of what we have called first order
splay faults suggest to us that we have isolated a set of secondary
faults that must share a commonmode of origin. It is the purpose of
this paper to explore that mode of origin. To begin, in order to
differentiate what we wish to call a first order splay fault from all
other species of secondary faults, some of which have also been
called splay faults, we need to offer a definition of what wemean by
a first order splay fault. We start with a precise definition as shown
in Fig. 1 (inset). Later, whenwe have offered amechanical model for
their origin, this definition becomes more restrictive.
The first order splay faults in Fig. 1 have purposefully been
drawn as not meeting the primary fault because it is shown later
that they do not, in general, do so. However, if the splay fault is
projected to meet the primary fault, it will define a line of inter-
section. We then can make our definition.
Definition: For any fault to be called a first order splay fault its
sense of shear must be the same as the primary fault, the
respective slip vectors must lie in the plane perpendicular to the
line of intersection of the two faults, its slip vector must lie
symmetrically at an acute angle on either side of that of the


















Fig. 1. Histogram of splay faults of the San Andreas fault system, from Ando et al.
(2009). The geometry of the splays is shown in the inset, right splays are given positive
angles, left splays, negative. The splay angle distribution was found to be independent
of R, the scale length used in fitting the faults. Two extreme values of R are shown in
the figure.
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same order as the primary fault, in terms of length, slip rate, or
total slip.
The first thing to say about this definition is that it does not
specify the direction of the line of junction; thus it can apply to
strike-slip, normal, thrust faults, or anything in between. Here,
however, we will be concerned only with strike-slip cases. Most
studies of secondary faults have been of those that are produced by
and restricted to the regions of stress concentration associated with
fault tips, jogs, and other geometric irregularities. (e.g. de Joussi-
neau et al., 2007; Du and Aydin, 1995; Kim and Sanderson, 2006;
Martel and Boger, 1998). Because such secondary faults are
restricted to the region of stress concentration they are of second
order with respect to the primary fault. Some of these have been
called splay faults, but they do not fit our definition of first order
splay faults. De Joussineau et al. (2007), for example, used the term
splay to refer to ‘wing’ cracks, which are opening mode cracks that
form ‘horsetails’ on the extensional sides of mode II fault tips.
Although these may be later reactivated in shear and thus be called
faults, they are asymmetric with respect to the primary fault, they
do not originate as faults, and they are of second order. Reidel
shears, a form of secondary fault that is not tip-related (e.g. Freund,
1974), are also eliminated because they are asymmetric with
respect to the sense of shear. The statement ‘same shear sense’ also
eliminates conjugate faults and various types of antithetic faults.
The statement ‘concurrently active’ eliminates junctions of faults
that may have formed during different tectonic episodes.
There have been various efforts at modeling fault branching. Du
and Aydin (1995) considered the effect of the orientation of the
remote tectonic stresses on the propagation of a strike-slip fault.
They found that if the maximum compressive stress s1 makes an
angle with the fault greater than 45 with a right-lateral strike-slip
fault, the fault would bend into the extensional side of the fault tip
(positive angle in terms of Fig. 1) at an angle proportionate to the
degree to which the angle of s1 exceeds 45. Conversely, if the s1
direction is less than 45 the bend would be into the compressional
quadrant (negative). (That the neutral angle at which the fault does
not bend is 45 rather than, say, the Coulomb angle results from the
particular failure criterion they assumed, that of maximum distor-
tional strain energy, in which the normal stresses are squared so
that compression and tension are not discriminated.) Their modeldoes not define a minimum bend angle, as the results of Fig. 1
would require, because they choose to deal with locations near the
tips of pre-existing faults where stress perturbations are strong; the
effect of this perturbation is dominant only near these tips, at
greater distances the remote tectonic stress becomes predominate.
These modeling results suggest that the response of the fault tip
to variations of tectonic stress direction will be a fault bending
rather than branching. Although we point out some examples of
this behavior later, branching at the fault tip does not appear to
explain, in general, the formation of first order splay faults.
Poliakov et al. (2002) studied the problem of branching resulting
from the dynamic stresses associatedwith earthquake propagation.
Because the end of the earthquake may be well away from the
physical end of the fault, this problem considers branching from the
stem of the primary fault, which seems more relevant to our
problem. They found that such branching is influenced by the
remote tectonic stress direction but that this was asymmetric: for
a given deviation of s1 from the neutral direction, the favored
branch on the extensional side had a greater angle than one on the
compressional side. This difference from the Du and Aydin (1995)
results is because Poliakov et al. (2002) assumed a frictional failure
criterion for the fault branches.
These results are instructive, but they assumed cohesionless (i.e.
pre-existing) branches. The effect of pre-existing branches, jogs,
and other geometrical irregularities on earthquake propagation is
an important problem in earthquake mechanics and has therefore
attracted considerable interest (e.g. Bhat et al., 2004, 2007; Duan
and Oglesby, 2007). It is not, however, our problem, which is the
initial formation of first order splay faults in cohesive rock.
All the modeling studies of fault branching reviewed above
assume that the branch fault nucleates in the stress concentration
associated with the fault or earthquake tip or some other
geometrical irregularity of the primary fault. All such cases predict
that the secondary fault initiates at the primary fault and propa-
gates away from it. We point out later that there is a considerable
spatial gap between the primary fault and the nearest tip of first
order splay faults, which are best interpreted as having nucleated at
a distance from the primary fault and then propagated towards it.
This observation greatly simplifies our problem, because it means
that we can ignore stress concentrations associated with the
primary fault and pose the problem entirely in terms of the regional
tectonic stresses.
2. A criterion for first order splay fault initiation
The term ‘branching’was used in the introduction in a geometric,
not genetic sense. However, the terms primary and secondary faults
wereusedwithcare, to indicate thatonepre-existed theother. These
are essential to what follows.
2.1. Failure criterion for first order splay faulting
We propose that first order splay faults form when the primary
fault is sufficiently misorientedwith respect to the stress field that it
becomes favorable to form a new fault in the optimal orientation;
this is the splay. This situation is illustrated in Fig. 2 with a Mohr
diagram, in which there are two failure criteria: a frictional one for
sliding on a pre-existing fault, and a Coulomb criterion, with cohe-
sion so, for the formation of a new fault. Let us suppose that the
primary fault has become misoriented with respect to the principal
stresses (there are various ways that this can happen, discussed in
a later section). This is represented as a rotation of the fault, either to
the right or left, on theMohr circle, as shown in the inset to Fig. 2. As
the fault rotates in the stress field, in order for the primary fault to
remain active, the stress difference (s1  s3)must increase, as shown
Fig. 2. A Mohr diagram with two failure criteria: a friction criteria for sliding on a preexisting fault, and a Coulomb criteria for forming a new fault. The inset shows how the stress
difference (s1  s3) for sliding increases as the primary fault rotates with respect to the stress axes. The main figure shows the condition for the formation of a splay fault (S) at the
optimum orientation q. The splay fault is at an angle a0 to the primary fault, which is has an orientation denoted L or H, for low or high normal stress, respectively. These positions of
the primary fault define L- or H-splays.
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fault is at the positions L or H, as shown in themain part of Fig. 2, the
Coulombcriterion becomes satisfied anda first order splay fault (S) is
formed at the optimumangle q. In this illustration,we have assumed
that the friction anglej is the same for both friction and faulting; this
is required by the symmetry observed in Fig. 1.
If we suppose that Fig. 2 represents strike-slip faulting, then the
lower semi-circle shows the right-lateral case,which corresponds to
the data in Fig. 1. We see that there are two critical misorientations
of the primary fault for the formation of a splay, which we denote H
(for high normal stress) and L (for lownormal stress). For both cases,
the critical splay angle ao, the angle between the primary fault and
the splay fault at splay formation, is equal; it is a right splay in the
first case and a left splay in the second. If we shift attention to the
left-lateral case (upper semi-circle) we notice that the sign of the
splay (right or left) switches for the H and L cases. Therefore the sign
of the splay is not fundamental; what is fundamental is the type of
splay, H-splay or L-splay, corresponding to the H or L orientation of
the primary fault at splay formation.We emphasize that the H and L
positions are not at the frictional lock-up angle. The lock-up angle is
2q (Sibson, 1985), and except for the special case when s3 ¼ 0,
a0 < q, so the splay fault will form before the primary fault reaches
the lock-up angle. Thus the primary fault will be active, and
generally remain active, after the splay fault forms, thus satisfying
the ‘‘concurrently active’’ stipulation in our definition.
This criterion satisfies our definition of first order splay faults. It
also allows us to make the following propositions, which if demon-
strated to be correct, place additional restrictions on our definition.
1. First order play faults form when the primary fault becomes
misoriented with respect to the principal stresses by a critical
angle a0.
2. First order splay faults form (a) in the optimum direction for
faulting and (b) at an angle ao from the primary fault.
3. Although secondary in a temporal sense, first order splay faults
need not be of lesser rank than their associated primary fault;
they are subsequent but not subordinate.The first proposition means that, unlike secondary faults that
are generated by fault tip stresses, splay faults are not ubiquitous.
The third proposition arises because the first order splay fault is
driven by regional stresses, not by stress concentrations associated
with the primary fault. Thus, although secondary in the sense of
time of formation, first order splay faults are not necessarily
subordinate in the sense of being tectonically inconsequential with
respect to the primary fault. This is the main distinction of first
order splay faults from secondary faults driven by localized stresses
such as the fault tip stresses of the primary fault, as in the case of
wing cracks, which de Joussineau et al. (2007) show are conse-
quently always a fraction of the length of the primary fault.
For the case illustrated in Fig. 2, it can be shown that the








From this we see that a0 decreases with stress difference (s1  s3).
Thus as the primary fault rotates, the condition for splay faulting
will be first met at the base of the brittle layer, where the stress
difference is highest. The thickness of the brittle layer, h, is some-
what greater than the seismogenic depth (Scholz, 1988) and can be
approximated from geodetic data as the ‘locking depth’ (Savage and
Burford, 1973). Once nucleated, the splay fault will propagate in its
plane, driven by its fault tip stress concentrations.
In Fig. 3 we show calculated values of a0 plotted vs. brittle depth
h for Barre Granite (BG) and Westerly Granite (WG), two experi-
mentally well-studied rocks that we take to be representative of the
continental crust. Stress difference (s1  s3) vs. h was extrapolated
from the standard stress–depth profile from deep borehole stress
measurements (Townend and Zoback, 2000; Zoback and Zoback,
2007). The friction coefficient m ¼ 0.6 and the associated angles
j ¼ 30 and q ¼ 30 were obtained from the same data.
The uniaxial compressive strength C0(t) as a function of load
duration t is given by a simple static fatigue law C0(t)¼ A  Blogt.
Using data fromKranz (1980), we calculated C0 for a load duration of
right-lateral transform fault case (map view)
P P
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Fig. 4. Configurations of active splay–primary fault pairs used in testing the model. A
transform fault in map view. The optimum faulting plane is taken to be strike in the
plate motion direction. The orientations of primary (p) and splay (s) fault are shown for








0 5 10 15 20 25
BG
WG
h, brittle depth, km
Fig. 3. The critical splay angle a0 calculated, using Eq. (1), as a function of brittle depth
h for two well-studied rock types: Barre granite (BG) and Westerly granite (WG).
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Granite, respectively. Using the relationship C0 ¼ 2s0[(m2 þ 1)1/2þ m]
(Jaeger andCook,1976) andm¼ 0.6 gives the corresponding values of
s0 tobe14and30MPa,whichwereused for the calculations shownin
Fig. 3. These estimates are relatively insensitive to the loading
duration assumed. If we assume 106 years, the angles in Fig. 3 would
be increased by an average of about 1.5. Taking 10–15 km to be
common estimates of thebrittle thickness, the results shown in Fig. 3
bracket the expected value of a0 to be between 12 and 22.2.2. Comparison of theory with observation
The initial test of our model, noted above, is that it agrees with
our geometric definition of first order splay faults. We now
compare the quantitative results with the observations of strike-
slip splay angles a. We discriminate between the critical angle a0
given by the theory and the observed angles a because the former
refers to the angle at the time of splay formation whereas the latter
may include any rotation between the primary and splay faults that
has occurred following splay nucleation.
2.2.1. Data from Ando et al. (2009)
The data from Ando et al. (2009) are shown in Fig. 1. The peak
values of the a distributions of w17 are well bracketed by the
calculated range of Fig. 3. The sharp lower cut-off in the data is
consistent with the model in the sense that the critical value a0 is
a minimum value. The model predicts an upper cut-off when the
primary fault is at the lock-up angle 2q. At that point a0 ¼ qz 30,
which agrees with the upper cut-off observed in Fig. 1. Both right
and left splays are present for this right-lateral strike-slip fault
because the San Andreas, far frombeing straight, has portions along
its length in which its strike departs markedly, in both signs, from
the plate motion vector (Gilbert et al., 1994). This results in the
formation of both H and L type splays. The fact that the San Andreas
fault has an almost equal number of right and left splays is, within
the framework of this model, a coincidence.
These data are consistent with proposition 2b, but in order to
fully test proposition 2 and proposition 1, we need to examine
currently active crustal scale splay faults for which there is some
independent knowledge of the optimum faulting direction or
principal stress orientation. In the case of strike-slip faults, if the
fault is a transform fault, it is then reasonable to suppose the
optimum faulting direction is parallel to the direction of relativeplate motion, and that splay faults will accordingly form in that
direction. Under displacement boundary conditions, such as
imposed by plate tectonics, displacement is the independent vari-
able and stress is the dependent variable. Stresses will therefore
become adjusted to the displacements in accord with the appro-
priate constitutive law, which in the case of brittle fracture is the
Coulomb criterion. The plate motion direction therefore must also
be the optimum direction in terms of stress orientation, and so we
can relate this to the stress fracture criterion as shown in Fig. 2.
In Fig. 4 we illustrate both the H- and L-splay situations for
a right-lateral transform fault, such as the San Andreas. In each
case, the expected splay is shown to form parallel to the plate
motion vector.
2.2.2. Active strike-slip splay faults
We studied active crustal scale splay faults for three continental
transform faults, the San Andreas fault of California, the Alpine fault
of New Zealand, and the Denali fault of Alaska. The data for Cal-
ifornia are from (Bryant, 2005) and for New Zealand, http://data.
gns.cri.nzaf/. The Denali fault and its splay the Totschunda fault
were recently highlighted by the M 7.8 Denali fault earthquake of
2002, which propagated to the east along the Denali fault for
several hundred kilometers and then transferred to the Totschunda
fault where it propagated for an additional 65 km (Haeussler et al.,
2004). For that case we use the fault map as illuminated by the
earthquake rupture (Haeussler, 2009). The faults themselves, of
course, long pre-existed the earthquake rupture.
The splay junctions to be discussed are highlighted in Fig. 5.
Each junction was fit to a Y shaped test function, as described in
Ando et al. (2009). The identification of the primary faults is
obvious except in the case of the San Gregorio fault. That fault, with
a net slip of 180 km, predates the youthful San Francisco peninsula
segment of the San Andreas fault, which dates from only 2 Ma and
has a net slip of just 20 km (Wakabayashi, 1999). For their junction,
the San Gregorio fault is the primary fault.
The results are given in Table 1. The clockwise angle between the
plate motion vector and the primary and splay faults are fp and fs,
respectively, and the splay angle is a. The parameter R is the length
scale over which the faults are fit to determine their strike (Ando
et al., 2009). The plate motion vectors, shown in Fig. 5 are, for
California and New Zealand from NUVEL 1A (Demets et al., 1994).
For the Alaskan faults the reference is to the Yakutat microplate
(Fletcher and Freymueller, 2003). The results are shown as histo-
grams in Fig. 6.
The splay faults strike considerably closer (avg. 6) to the plate
motion direction than do the primary faults (avg. 19). The splay
angles vary between 9 and 21 (avg. 14). In most cases (7 vs. 3, 1
neutral) the splay fault appears to have been rotated away from the
plate motion vector in the same sense as the primary fault. This





































Fig. 5. Maps of the continental transform faults studied. Each splay junction is high-
lighted and numbered. The numbers are keyed to Table 1. Data sources are given in the
text. Plate motion vectors are shown: the first plate listed is the reference plate.
Table 1
Major splays of the San Andreas, Alpine and Denali faults.
No. in Fig.4 Fault name Angles () Splay type Length
Primary Splay fp fs a R (km)
b
1 San Andreas Calaveras 14 7 21 H 100
2 Calaveras Hayward 9 3 12 L 100
3 San Gregorio Peninsula S.A. 12 0 12 L 100
4 San Andreas Coachella S.A 22 11 11 H 50
5 San Andreas San Jacinto 21 8 13 H 100
6 San Andreas Elsinore 20 10 10 H 100c
7 San Andreas NIRC 21 5 16 H 100c
8 Alpine Hope 15 2 17 H 150
9 Alpine Clarence 17 8 9 H 150c
10 Alpine Awatere 18 8 10 H 150c
11 Denalia Totschunda 27 10 17 H 80
The angles fp and fs are the angles of the primary and splay faults measured
clockwise from the estimated plate motion vector from NUVEL 1A (Demets et al.,
1994) except the Denali/Totschunda case. The splay angle is a and the splay type H
(high), L (low), is as shown in Fig. 2. NIRC, Newport–Inglewood Rose Canyon fault.
a Since there is considerable uncertainty of the plate motion vector, the GPS
observed velocity on the nearby Yakutat microplate against the stable North
American plate is used from Fletcher and Freymueller (2003). Alternatively, the
angles are calculated as fp ¼ 43, fs ¼ 26 PAC/NAM by DeMets and Dixon (1999).
Note that the splay is more aligned with the plate motion than the primary in either
model.
b The length R is each leg length of the ‘‘Y’’ shaped test function implemented in
the computer-based analysis (see Ando et al., 2009, for the method), in which the
value is chosen to fit with the trend of fault traces as shown in Fig. 4; the gray lines
indicate the fitted test functions. A larger R value is used in the Alpine fault system to
down-weight the near fault region, where fault traces are inferred rather than
observed.
c The ’’I’’ shaped test function with one leg is used instead of ‘‘Y’’ to avoid rela-
tively large gaps to the San Andreas fault for the Elsinore and Newport–Inglewood
Rose Canyon fault cases, and the offset of the Alpine fault below the Spenser
mountains north of the splay junctions for the Hope and Clarence faults case.
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thus subsequently rotating both faults away from the plate motion
direction. This has been independently argued to be the case for the
splay faults of the Alpine fault, collectively known as the Marl-
borough faults (Fig. 5b). There, the nearby Australian/Pacific pole of
rotationmigrated, first changing the slip vector from transcurrent to
transpressive on the Alpine fault, resulting in the formation of the
Marlborough faults, then continued tomigrate so that those faults in
turn became transpressive (Little and Jones, 1998; Walcott, 1998).These results provide deeper support for our hypothesis than
those of Fig. 1. They lend strong support to all the particulars of
propositions 1 and 2 regarding the orientations of both the primary
and slay fault with regard to the plate motion directions at the time
of splay formation. They also support proposition 3, since none of
the splay faults can be considered to be minor in importance with
respect to their associated primary faults.
2.3. Summary of results
Wehave presented a very simplemodel for the formation of first
order strike-slip splay faults. This model successfully predicts the
observed angular relation of these splays with primary faults and
the orientation of both with respect to the plate motion directions
at the time of splay formation. The examples given suggest that first
order spay faults are a common form of secondary faults. Unlike
other secondary faults, first order splay faults are not necessarily
minor in comparison with their associated primary faults.
3. Discussions and speculations on outstanding problems of
first order strike-slip splay faulting
The criterion presented above explains the existence of first
order strike-slip splay faults, the condition of the primary faults for
their formation, and their orientation with regard to the primary
fault and the plate motion direction. It remains, however, a one-
dimensional solution. The Mohr circle represents stress at a point,
and using it to represent stress in a region is equivalent to assuming
that stress is uniform within that region. This is an obvious
simplification, and it is gratifying that the theory works as well as it
does, though not entirely surprising. The success of the Coulomb
criterion in explaining regional fault orientations, demonstrated
long ago by Anderson (1951), is based on the same assumption.






Fig. 6. Histograms of the results for transform fault splay junctions given in Table 1. fp and fs are the clockwise angles between the plate motion direction and the primary and
splay fault, respectively. a is the angle between the splay and primary fault.
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assumption. One of its main findings was that ‘‘Stress orientations
are remarkably uniform over broad regions (length scales up to
thousands of kilometers), despite large changes in crustal geology,
tectonic history, and crustal thickness’’ (Zoback and Zoback, 2007).
Hardebeck and Hauksson (2001) found that, at the largest scale,
stress directions are homogeneous over southern California, but
they are heterogeneous at small to medium scales. Much of that
heterogeneity results from perturbations produced by the major
faults (Hardebeck and Hauksson, 1999; Scholz, 2000) and would
not have existed prior to the formation of those faults (the period in
which we apply the assumption of homogeneity). The very regular
pattern of faulting produced (Fig. 5) belies the notion that, at the
large scale, they are governed by pre-existing heterogeneities in
stress or strength. Indeed, it has long been noticed that the fault
systems of southern California and the South Island of New Zea-
land, when viewed from the perspective of their plate motion
directions, almost overlay one another (Scholz, 1977; Yeats and
Berryman, 1987), which strongly argues against these systems
being strongly dependent on local conditions.
Nonetheless, this criterion fails to address many other problems
regarding first order splay faults. The principal problems fall into
three main categories: the placement of first order splay faults in
space, means by which primary faults become misoriented in the
stress field, and the mechanics of splay–primary fault junctions,
once formed. The solutions to these problems are, in some cases,
beyond our present capabilities, but we feel it worthwhile to state
these problems and offer some speculation as to what their solu-
tions may be.
3.1. The placement of first order splay faults
3.1.1. Proximal or distal splay nucleation, and their spacing
We earlier reviewed several models that propose that splay
faults branch from either the end or the stem of the primary fault
when the tectonic stress direction becomes unfavorably oriented
with respect to the primary fault. Let us call this the proximal
hypothesis.
In New Zealand, the Alpine fault at its northern end is mapped
as continuous with the Wairau fault, the northernmost of the
Marlborough faults. This appears to be a case of the fault bending at
its tip, as envisioned in themodel of Du and Aydin (1995). Although
complicated by several other smaller splays, the Coachella branch
of the San Andreas fault may have also formed in the same way. In
the other cases, however, several lines of evidence lead us to
suspect that the opposite is true, that splays nucleate at some
distance from the primary fault and subsequently propagate
bilaterally, both towards and away from the primary fault. Call this
the distal hypothesis.
A prima facie case against stem branching is that in the other
cases examined in Fig. 5 splay faults are not found to contact theprimary fault – although they are sometimes mapped as ‘inferred’
to do so.
As crustal scale strike-slip splay faults approach the primary
fault they are usually observed to gradually disappear, presumably
as their slip goes to zero, some kilometers to 10s of kilometers from
the primary fault, where their terminations are often accompanied
by complex branching and the formation of other structures, such
as folds, that indicate a complex stress condition near the junction
of the faults. They are also never observed to offset the primary
fault, which would be the case if they abutted it and then accrued
finite displacement. In several cases, such as the Elsinore and
Clarence faults (Fig. 5a,b), their proximal ends terminate unam-
biguously far from the primary fault.
The crustal scale splay faults of California and New Zealand
(Fig. 5a,b) form arrays of parallel, nearly equally spaced faults. Their
spacing of w30 km suggests that they form just outside the stress
shadow of the adjacent splay. The stress shadow of a strike-slip
fault extends out about one fault depth on either side (Kostrov and
Das, 1984). For the stress shadows of two faults to not overlap, their
spacing should be two fault depths. Taking 10–15 km as the brittle
depth for these regions from their estimated locking depths
(Bourne et al., 1998; Meade and Hager, 2005), we thus expect a fault
spacing of 20–30 km, as observed.
A corollary of this argument is that the splay is inhibited from
nucleating within the stress shadow of the primary fault. If these
stress shadows control the nucleation position of the splay fault,
then splay faults must initiate far from the primary fault and
adjacent to a pre-existing splay fault. Otherwise the regular spacing
of splay faults cannot be explained.
This particular situation requires that the splay faults form in
sequence, with the topmost (with respect to the end of the primary
fault) forming first, and then each in turn to the bottom-most. For
the Marlborough faults in New Zealand (Fig. 5b), this is exactly
what has been proposed by Little and Jones (1998), based on the
progressive decrease in net geologic slip on the faults as one
proceeds southwards. Thus the net slip of the topmost splay, the
Wairau fault, is 140 km, followed, progressing southwards, by
the Awatere, 34 km, the Clarence, 18 km, the Hope, 20 km, and the
bottom-most, the Porters Pass-Amberley fault (not shown in
Fig.5b), 2 km. One can make the same argument for the splay faults
in southern California. There the net slip of the San Andreas–
Coachella fault, the topmost splay, is 185 km (Dillon and Ehrig,
1993), thence progressing in this case westwards to the San Jacinto,
20 km (Kendrick et al., 2002), the Elsinore, 12 km (Magistrale and
Rockwell, 1996), and the Newport–Ingelwood–Rose Canyon fault,
3 km (Freeman et al., 1992).
It seems then, that for the strike-slip case the argument for the
distal hypothesis of splay fault formation is most consistent with
the observations for all but the topmost faults. Once formed, the
splays must propagate bilaterally, with the propagation of the tip
back towards the primary fault becoming progressively inhibited as
C.H. Scholz et al. / Journal of Structural Geology 32 (2010) 118–126124the stress shadow of the primary fault is entered. This latter process
and its implications are taken up again in a later section.
3.1.2. An asymmetry and the ‘completion’ conjecture
In Fig. 1 it was demonstrated that splay faults are symmetric
with respect to primary faults. Yet inspection of our examples
indicates that another kind of asymmetry exists. In the case of the
Alpine fault (Fig. 5b) the splays form only on the side onwhich they
can connect with the continuing part of the plate boundary, the
Hikurangi trough off the east coast of the North Island. They do not
form on the opposite side of the Alpine fault. Similarly, the first
order splay faults in southern California all occur on the side of the
‘big bend’ of the San Andreas fault bywhich they can ultimately link
up with the East Pacific Rise in the Gulf of California. There are
right-lateral strike-slip faults that occur in theMojave region on the
other side of the big bend, collectively known as the Eastern Cal-
ifornia Shear Zone, that have the proper orientation for splay faults.
However, the estimated slip rates on these faults, 1 mm/year
(Wesnousky, 1986), are more than an order of magnitude less than
the faults we are discussing: hence they are second order faults.
These faults may have originated as splays but were stunted
because they were not able to link up and become part of the plate
boundary. In northern California, the major splays, the Hayward
and Calaveras faults, continue, via the Green Valley and Maacama
faults, to the Mendocino triple junction.
These observations lead to the conjecture that first order splay
faults form only on the side of the principal fault onwhich they can
complete the plate motion circuit (or, in the intraplate case, a circuit
to an adjacent fault system). This ‘completion’ conjecture is not
anticipated by our criterion, which predicts that splays may form
with equal probability on either side of the primary fault. To
understand this feature of splay faulting will require a two- or
three-dimensional analysis, which takes into account both the
stresses associatedwith the primary fault andwith the ‘destination’
structure. This is a suggested goal of future work.
3.2. Mechanisms for misalignment of the primary fault
The condition for splay fault formation is the misalignment of
the primary fault with the regional stress field. Although this topic
is outside our immediate purview, it is worthwhile to briefly review
the various ways that such misalignment may come about, paying
particular attention to the cases that we have used as examples. For
a fuller discussion, within the context of strike-slip bends, see
Cunningham and Mann (2007) and Mann (2007).
3.2.1. Original rotation
Strike-slip bends often form by linking fault step-overs (Cun-
ningham and Mann, 2007). In this case, their misalignment is
a feature of their formation.We call this original rotation. Strike-slip
restraining and releasing bends are usually too slight or too short to
spawn splays, but the ‘big bend’ of the San Andreas fault, which
produced the southern California splays, is an exceptional case.
Atwater (1970) proposed that the big bend formed when the
southern San Andreas switched from offshore Baja California to
inshore with the onset of spreading in the Gulf of California. Its
offset may have been further augmented by westward motion, to
its north, that accommodated extension in the Basin and Range
Province (Scholz et al., 1971). Thus themisalignment of the big bend
may have been a consequence of original rotation plus additional
misalignment brought about by external conditions.
3.2.2. Internal or auto-rotation
An elastic shear crack will rotate in the opposite sense of its
shear (Martel, 1999). This results from second couple in the double-couple point source equivalent, so familiar in connection with the
earthquake focal mechanism. Such rotations are infinitesimal, but,
when the faults are unbounded, as in forming block boundaries
with other faults, theymay become finite. This is so-called domino-
or bookshelf-style faulting, and it has a rich literature (e.g. Anders
et al., 1993; Cladouhos and Allmendinger, 1993; Garfunkel and Ron,
1985). This type of rotation can be called internal rotation, with
respect to the external shear driving it, or auto-rotationwith respect
to the faults themselves. Important points are that the direction of
auto-rotation is always such as to increase the normal stress
applied to the fault and its rate is proportional to the slip rate of the
fault. It is usually thought that such rotationwill continue until fault
lock-up occurs (Jackson, 1987; Sibson and Xie, 1998) but here we
note that lock-up may be preceded by the formation of H-type
splays. In southern California, which is dominated by strike-slip
faulting, this type or rotation about vertical axes has been well
documented (Jackson and Molnar, 1990; Luyendyk et al., 1985).
3.2.3. External or stress rotation
There are cases in which the fault does not rotate, but the
regional stress field does.We call such cases external rotation.Agood
example is the case of the Marlborough faults of New Zealand
(Fig. 5b). The Australian–Pacific pole of rotation lies quite close to
the South Island of NewZealand, such that aminormovement of the
pole can translate into a major change in the local slip vector. Such
a pole migration, beginningw7 Ma, caused the plate motion vector
to change fromparallel the Alpine fault to oblique, in a transpressive
sense (Walcott, 1998). This resulted in the Kaikoura Orogeny, the
salient features of which are the uplift of the Southern Alps and the
formation of the Marlborough faults. As noted earlier, this rotation
continued following the formation of the Marlborough faults, so
that they now exhibit transpressive behavior themselves, such as in
the uplift of the Seaward Kaikoura ranges (Little and Jones, 1998).
3.3. Mechanics of strike-slip splay junctions
For the oblique junctions of splay and primary faults the only
kinematically compatible configuration is one in which the splay
fault ‘merges into’ the primary, i.e. bends into parallelismwith it as
they join. However, in the cases we have studied, not only does the
splay not ‘merge into’ the primary fault, but it is appears to
terminate without contacting the primary. A particularly well-
studied case, the junction of the San Jacinto and San Andreas faults,
is shown in Fig. 7. GPS and Quaternary fault data indicate that to the
northwest, the San Andreas fault is slipping at a rate of w35 mm/
year. South of the junction the slip rate of the San Jacinto fault is
12 mm/year and that of the Coachella section of the San Andreas
23 mm/year (Meade and Hager, 2005; Wesnousky, 1986).
The San Jacinto fault does not coalesce with the San Andreas
fault (Morton and Matti, 1993). It splits into several branches,
among them the Glen Helen and Lytle Creek faults, that either die
out or turn to the west into thrust faults within the San Gabriel
Mountains. As discussed earlier, the San Jacinto fault neither
contacts nor offsets the San Andreas fault. Thus, there is no direct
kinematic transfer of slip from the San Andreas to the San Jacinto
fault. Morton and Matti (1993) argued instead that there is
a gradual transfer of slip over a 65 km long zone in which there is
complex deformation of the structures shown in Fig. 7. The
termination of the San Jacinto fault within the stress shadow of
the San Andreas, and its w20 km net slip some 100 km to the
south (Kendrick et al., 2002) requires large stress concentrations
in the region of the fault tip, and these are reflected in the
structures found there. To the northeast of the San Jacinto fault,
the triangular 1.7 km deep San Bernardino basin is actively
subsiding, with a 1.2 km vertical offset at the San Jacinto fault
Fig. 7. A map showing the major structural features of the region of the junction of the
San Jacinto and San Andreas faults.
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mechanisms are common within this basin (Jones, 1988). Just to
the west of the terminal section of the San Jacinto fault are the
eastern San Gabriel Mountains that are being rapidly uplifted,
primarily by thrusting on series of thrusts constituting the Cuca-
monga fault zone.
Similarly, the Calaveras fault never contacts the San Andreas
fault but bends parallel to it, as the Paicines fault, which eventually
dies out (Aydin and Page, 1984). Du and Aydin (1995) interpreted
this as the Calaveras propagating towards the San Andreas with
propagation being inhibited as the San Andreas is approached.
The confluence of the Hope and Alpine faults in New Zealand
has a very similar geometry as the San Jacinto/San Andreas junc-
tion. A salient feature of that area is an abrupt decrease in the uplift
of the Southern Alps just north of the fault junction. On the south
side of the Hope fault, in the corresponding position of the Cuca-
monga fault (Fig. 7), the 1996 M 6.7 Arthur’s Pass earthquake
occurred. It had a thrust mechanism, dipping in towards the Alpine
fault (Abercrombie et al., 2000), evidence for the same tectonic
signature as the Cucamonga fault.
These observations suggest that the transfer of slip between
primary and splay fault is not, in many case, kinematic but occurs by
dynamic coupling. This implies action through the interacting stress
fields of active tectonic elements such as faults. This mechanism is
nowwell understood in the case of triggering of earthquakes by prior
earthquakes (e.g. Stein,1999)which often linksmotion onnearby but
non-contacting faults (see also Scholz and Gupta, 2000). An analysis
of this type applied to splay/primary fault coupling is beyond our
present scope, but is an attractive direction for future studies.4. Summary
We have defined and explained first order splay faults as a class
of secondary but not subordinate faults that formwhen the primary
fault becomes sufficiently misaligned with the principal stresses.
We have provided a simple quantitative theory for first order splay
fault formation and tested it against observational data for strike-
slip faults. The results are supportive of all aspects of the theory.The theory we applied to strike-slip faults is a special case in
which the friction angle for sliding on the primary fault is taken to
be the same as that for forming the splay fault. This is consistent
with the notion that the strength of faults such as the San Andreas
is the same as that of other faults in the surrounding crust. Splay
faults may form arrays of evenly spaced faults, as shown in the
examples from California and New Zealand. These are formed
sequentially, with each subsequent fault forming at a distance from
its predecessor so as to avoid its stress shadow.
Once a splay fault forms, some portion of the slip of the primary
fault is transferred to the splay fault. The mechanism by which that
happens is a matter of some contention. For crustal scale strike-slip
faults we have found that splay faults usually do not appear to be
kinematically linked to their primary fault. This suggests that slip
transfer occurs through dynamic coupling, through the action of
the stress fields of the faults.
Although we have restricted ourselves here to discussing the
case of strike-slip faulting, the mechanics involved are not limited
to any particular type of faulting. It is common in subduction zones,
for example, for first order splay faults to occur that are concur-
rently active with their primary faults (Baba et al., 2006; Park et al.,
2002; Plafker, 1965). In these cases, the basal thrust (the primary
fault) is thought to often have a lower friction coefficient than the
splay fault (Suppe, 2007), so that the diagram shown in Fig. 2 would
need to be modified accordingly.Acknowledgements
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